A proposal for resolution of the information paradox is that "nice slice" states, which have been viewed as providing a sharp argument for information loss, do not in fact do so as they do not give a fully accurate description of the quantum state of a black hole.
The discovery of black hole evaporation [1] catalyzed emergence of the information paradox.
1 Perspectives differ on the status of this paradox, ranging from beliefs it arises from a simple mistake, to viewing it as a problem as fundamentally important as that of the classical instability of the hydrogen atom [4] [5] [6] .
The trouble arises when considering the fate of information that falls into a black hole.
Hawking's arguments [1] and subsequent improvements tell us that, by locality, it cannot escape during evaporation. Difficulties in modifying quantum mechanics, and particularly resultant drastic violation of energy conservation [7] , tell us it cannot be destroyed. And, instabilities to infinite pair production [8] [9] [10] and difficulties with virtual effects [11] tell us it cannot be left behind in a remnant. This contradiction between principles is the essence of the paradox.
If a fundamental principle requires revision, plausibly the weakest candidate in quantum gravity is locality. As a cornerstone of quantum field theory, locality is encoded in commutativity of local observables outside the light cone, but there are no such gauge invariant observables in quantum gravity, and at best they only emerge in an approximation [12, 13] .
Locality can also be probed through high-energy behavior of the S-matrix, but it has been argued that in gravity this behavior is unusual from the local field theory perspective, and plausibly not local [14, 15] .
One early proposal for a nonlocal resolution of the problem [16] 2 suggested that bounds on information content in a region resulted in nonlocal propagation of information at spacelike separations with respect to the semiclassical geometry of a black hole, allowing its escape, and possibly yielding a massive remnant.
Another more widely discussed proposal is that of black hole complementarity. In the form advocated in [18] , this states that observations of observers who stay away from the black hole, and of those who fall in, are complementary in an analogous fashion to complementarity of observations of x and p in quantum mechanics, and thus should not simultaneously enter a physical description. This proposal is closely associated with that of holography [19, 20] , which in its strong form states that for a given region of space, like that inside a black hole, there is a completely equivalent description in terms of a lowerdimensional field theory on its boundary. Complementarity represents a rather extreme 1 For reviews, see [2, 3] .
2 See also [17] for a similar proposal. The earlier proposal lay dormant due to criticisms regarding causality; see further discussion later in this paper.
departure from locality, in forbidding simultaneous description of information separated by large spacelike intervals.
The purpose of this paper will be to more closely examine the motivations for different kinds of nonlocality, and ultimately to argue that a less radical version could restore unitarity in black hole evaporation. Indeed, one important characteristic of proposals for how information escapes is the information retention time, T ret . For a black hole with initial horizon radius R, this has in some discussions (see e.g. [21] ) been assumed to be of magnitude
partly motivated by complementarity arguments. In the leading semiclassical approximation the retention time is longer than the lifetime of the black hole (the information never escapes [22] ). One might question whether a comparatively short retention time (1) is logically necessary, or whether the actual retention time could be significantly longer.
Moreover, it is important to address the question of whether some nonlocal information escape at any time scale leads to basic inconsistencies, due to e.g. acuasality [23] . This paper examines both of these issues more closely, ultimately arguing for the possible logical consistency of a longer retention time, without acausality leading to inconsistency.
To understand motivations for complementarity, let us first review Hawking's original argument, in its most advanced version: the nice slice argument. Consider a black hole that has formed from a collapsing body whose details won't concern us. Suppose that we inject another quantum into the black hole. We think of it as a qubit; its quantum information could be carefully tracked by describing its correlations with other quanta. 3 With unitary evolution, the information of this bit will eventually be radiated in Hawking radiation. This information may be very scrambled, and come out in quite subtle correlations in multiparticle states. But, let T ret be the time at which an O(1) fraction of this information has been reemitted. Now, we may draw a spatial slice, asymptoting to a slice of constant Schwarzschild time t > T ret , and which dives into the horizon, but then asymptotes to a slice of constant Schwarzschild r = r c , with r c inside the horizon radius R, but r c ≫ l P l .
Thus, this nice slice is spacelike, and moreover crosses the infalling qubit in a region far away from the singularity, as shown in Fig. 1 . Since curvatures are small, nothing interferes with the qubit preserving its information to where it intersects the slice. But, by locality, this information is independent of the information in the spatially-separated Hawking radiation, and cannot be transmitted there.
Moreover, the no-cloning principle of quantum mechanics tells us it cannot be duplicated there. Thus, escape of information from the black hole is actually prohibited by locality.
This argument apparently only breaks down if T ret is late enough that the black hole becomes planckian in size, but if so, it would take a much longer time for the information to escape, yielding a remnant scenario. In fact, Page [26] has argued that in order for the information to escape a black hole in Hawking radiation, T ret must less than of order the half-life of the black hole. This gives, parametrically,
where S denotes the Bekenstein-Hawking entropy.
The complementarity proposal states that physics forbids simultaneous description of the information inside and outside the black hole. A particular example would be given by a quantum state on the nice slice. If one takes the outside observer's viewpoint and thus forbids any simultaneous inside description, one evades contradiction from information escape. This naturally fits with holography, in that the description of the entire interior of the black hole might then be replaced by a quantum description at its horizon surface, from which information could be emitted. Indeed, it has been advocated that outside observers see an infalling observer "burn up" (thermalize), whereas the infalling observer makes complementary observations in which nothing unusual happens at the horizon.
One might imagine finding a contradiction if an observer who stays outside the black hole past T ret and captures the information then falls into the black hole, and might then be able to compare the captured information with that in the infalling qubit, contradicting the prohibition on quantum cloning. To answer this, [27] shows that if the retention time satisfies
it is not possible for a signal to be sent from the qubit to the later-infalling observer without using ultraplanckian energies.
What is not clear is that physics demands such a radical departure from local quantum field theory, which allows a perfectly good description of both the exterior and the interior of the black hole, outside of the strong-curvature regime. Of course, taken to an extreme, such a description also yields the nice slice argument -but an important point, which we now turn to, is that this is an extreme.
To see this, first note that, following [28, 29, 30] , a family of nice slices may be constructed by performing Schwarzschild time translations of the slice already constructed.
Since these are symmetries of the metric, the intrinsic geometry of the slice doesn't change. 4 However, there are two notable aspects of the translation. First, the distance from a given spacetime point at r = r c on a slice (say, point A in Fig. 2 ), to the point where the slice intersects a given external radius, say r = 2R (point B in To illustrate how extreme such a construction is, note that the spatial distance along the slice between the impact of the infalling qubit and the outgoing information (near B ′ in Fig. 2 ) is of size
For example, using the Page bound (2) gives a spatial separation L ret ∼ RS. For a solar mass black hole, with R ∼ km, this gives L ret ∼ 10 80 m! However, along other paths between A and B ′ , the spatial separation is as small as ∼ R ∼ km.
A sharp calculation of the missing information in Hawking radiation, updating [22] , can be attempted based on construction of the quantum state on the nice slice, and can be sketched as follows. First, one can compute the state |ψ on the nice slice labelled by time t, given specification of an initial state for the collapse problem; for a concrete two-dimensional example, see e.g. [25] . Next, by locality, one can write this state in terms of states in a product of Hilbert spaces interior and exterior to the black hole. The exterior state of the black hole is thus described by a density matrix, ρ = Tr in (|ψ ψ|). The entropy of this density matrix, parametrizing the missing information, is S miss = −Tr(ρ log ρ). If one follows this construction to a time where most of the mass of the black hole has been radiated, one finds S miss is of size the Bekenstein-Hawking value S. While the two-dimensional example nicely illustrates this result, one can outline arguments for its generalization to the higher-dimensional case. One approach to this is to note that Hawking radiation is dominated by the lowest orbital angular momentum states, for example s-wave for scalars; evolution of these states is effectively two-dimensional. Alternately, we expect that to each Hawking quantum there is associated one missing bit of information, resulting from a correlated partner quantum falling into the black hole. Since the number of such quanta emitted is ∼ S, this is the approximate size of the missing information.
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We now reach one of the central points of the discussion. The extreme nature of the nice slice construction suggests that a semiclassical nice slice state like we have just described is not a fully accurate representation of the quantum state of the black hole.
But, without a sharp calculation of the missing information, which we have based on this state, there is no paradox.
There are at least two reasons [29] to question whether a nice slice state gives a sufficiently accurate description of the dynamics, and plausibly more.
First, note that it is very hard to give a careful definition of what one means by such a state, and even harder to give an operational definition of how such a state could be 5 Both of these statements are expected to be confirmed by a detailed analysis of the higherdimensional case, generalizing [25] .
measured. Specification of such a state is a very gauge-dependent construct, whose gaugeindependent version is very subtle to give. The latter relies on having a way to describe local quantum information in a diffeomorphism-invariant fashion, and runs directly into the well-known lack of local gauge-invariant observables in gravity. There are proposals on how some such approximately local observables can be formulated, in [12, 13] . These follow a relational approach, in which one must include other fields which provide reference backgrounds and/or detectors, with respect to which the state can be described in a diffeomorphism-invariant fashion. From a less-technical perspective, one could simply ask the related question of how such a state could be measured.
The "missing information" in the state can be thought of as largely due to correlated partners of outgoing Hawking particles [24, 25, 29] . These have a characteristic wavelength ∼ R, and roughly one of them impacts the nice slice in each time interval ∼ R. Thus, to measure this structure in the nice slice state, one might try to construct a constellation of detectors with separations ∼ R, which free-fall into the black hole and reach the appropriate segment of the nice slice we would like to measure. However, the minimum energy of such a detector is clearly 1/R. The number of detectors needed (assuming (2) ) is N ∼ T ret /R ∼ S, and the total energy of the constellation is E > ∼ M . Thus, the nice slice state cannot be carefully measured, without producing a large perturbation on the state. Moveover, even if such a collection of detectors measured the state, there is no way for their observations to be compared at a central location -radio signals that they send forward in time enter the high-curvature region of the black hole without meeting.
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This suggests that a nice slice state has no sharp meaning, as a complete description of the quantum black hole, based on a minor modification of a dictum due to Bohr and
Wheeler: "no phenomenon is a real phenomenon unless it can in principle be observed."
For those suspicious of such positivist arguments, note that this objection to accuracy of nice-slice states is actually a much more mild application of such reasoning than that used in justifying complementarity [18, 27] ! A second problem with nice-slice states arises when one ignores the preceding objection and simply tries to carefully justify the leading semiclassical approximation through an expansion in a small parameter. In particular, corrections to the leading semiclassical approximation include the backreaction on the state due to perturbations, say from fluctuations in the Hawking radiation, or additional quanta falling in [29] . Hawking quanta have 6 An argument of this second form was used as motivation for complementarity [18, 27] . a typical energy E ∼ 1/R, and ordinarily such quanta would produce absolutely negligible effect. However, as in the example explained in [29] 
Such a resolution of the paradox leaves an information problem -namely, what quantum dynamics gives a means of calculating the unitary evolution, with return of the in-
formation, e.g. in modified Hawking radiation? A plausible viewpoint is that the need for a quantum theory of gravity to be unitary in these contexts should be an essential guide towards the mechanisms, principles, and mathematical formalism of that theory. Without yet understanding these principles, one can ask whether there is a reasonable description of a scenario, with minimal departure from the semiclassical picture, and that is less radical than complementarity. 8 Referring to the analogy of quantum mechanics, such a semiclassical picture may ultimately be at least as fundamentally inaccurate as the description of electron dynamics within the Bohr radius by classical mechanics. But a minimum criterion for reasonableness is, at least, logical consistency. 7 As outlined in [29, 31] , there are related effects in accelerating cosmologies on time scales ∼ R dS S dS . 8 't Hooft has recently proposed another variant of complementarity [23] ; however, this also apparently represents a large departure from the semiclassical local description of an evaporating black hole. A second central point of the discussion is that the information problem could be resolved by some modest nonlocality of quantum gravity, with respect to the semiclassical picture. To approach this point, first let us examine what might be a more reasonable description of evolution inside the black hole, given the preceding objections to nice slices.
As an example, one might start with our constellation of free-falling satellites, distributed in r, and with initially synchronized clocks, which define spatial slices and quantum states at a given common time with respect to their clocks. The innermost satellites fall into the black hole, and ultimately into the strong curvature region. Thus corresponding slices, pictured in Fig. 3 , terminate in this region. These slices do not appear to suffer from the same objections to the artificially-constructed nice slices, and might be referred to as natural slices.
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In such a slicing, the infalling qubit enters the classically singular strong curvature region at finite time. A first point to note is that propagation from where it does so, at point C in Fig. 3 , to point C ′ in the figure, is something that may commonly be regarded as not necessarily troublesome, since it involves the unknown dynamics resolving the singularity; one might simply regard the missing information as "at" the singularity.
However, note that, with respect to the semiclassical geometry, this would be propagation across large spacelike separations, with distance ∝ T ret , and hence very nonlocal. But, such spacelike propagation is plausibly not objectionable if not through large flat regions.
If such "nonlocality" is permitted in strong curvature regions, it could be that related effects permit propagation from C to B ′ , e.g. by first propagating to C ′ and then over the remaining distance ∼ R. Indeed, while field theory is not necessarily being advocated as the proper framework for a full description, it should be noted that within field theory, nonlocalities at one scale imply nonlocalities at other scales [32] .
Moreover, while such propagation that appears nonlocal with respect to the semiclassical description appears unusual, it is not clear that it would contradict any other fundamental principles. Aside from the propagation "along the singularity," what is needed is propagation over a distance ∼ R, on the potentially long timescale T ret .
Thus, one is lead to the second part of the proposal, outlining how the information problem is solved:
2. Gravitational scattering is unitarized by nonperturbative mechanisms which appear to describe modest nonlocality with respect to a semiclassical picture, and in particular over distances ∼ R on timescales ∼ T ret in a black hole.
There are several further comments to make on this proposal. First, one does not obviously need to commit to a particular value of T ret . However, a value at the lower bound (3), motivated by the complementarity proposal, and corresponding to "fast scrambling" of information [33] , is most radically different from the semiclassical picture, which predicts T ret = ∞. If information return is due to small corrections, the smallest possible correspond to (2); slow leaking is not as extreme as fast scrambling.
Second, it seems plausible that the information could be returned through nonlocal interactions that make subtle modifications to the outgoing Hawking radiation. 10 However, some may instead regard it as likely that information return is accompanied by a more obvious disruption of the state near the horizon. Refs. [16, 17] suggested this as a possibility, and the fuzzball idea [30] appears to fit within the outlines of such a proposal, if it were to somehow give a picture in which an initial vacuum black hole transitions to a massive fuzzball. A sharp test distinguishing scenarios is to determine whether an infalling observer experiences anything unusual or violent when crossing the horizon. No disruption is evidently the most conservative scenario, unless there prove to be contrary arguments.
Third, while it has been argued (see e.g. [28] ) that string extendedness is the source of nonlocality necessary to resolve the information problem, closer examination [34, 35] suggests this is not the case, and that such nonlocality plausibly instead originates in nonperturbative gravitational dynamics.
Finally, an immediate concern with nonlocality is that it potentially implies acausality. Nonlocal scenarios are objected to on these grounds in [23] ; this concern had also been recognized in [16] . This seems a very general issue, in a flat background -a Lorentz transformation can convert spacelike propagation of information into propagation backwards in time. While this would still be outside the lightcone, iterating such propagation can permit propagation into the past light cone, and such acausalities can apparently be used to formulate paradoxes implying inconsistency.
While there is not a complete answer to this without better knowledge of the dynamics, note that the picture of nonlocal propagation proposed in the black hole geometry does not obviously produce such paradoxes. Specifically, the symmetry group -time translations, and rotations for a Schwarzschild black hole -is much more restricted. The nonlocal propagation we have described is not converted into acausal propogation by these transformations.
10 Such interactions would have to evade constraints including those of [30] .
Such propagation can be perfectly causal with respect to the outside Schwarzschild time -the missing information comes out with a time delay, not advance. 11 For example, if the information always propagates forward in the advanced time v of the diagram Fig. 3 , and only reemerges at r ∼ R at long times, this will be causal and time-delayed with respect to observers in the asymptotically flat region; an illustrative example is propagation along the curve r = Rv/T ret . It is true that such propagation is backward in time, with respect to some inside observers, and can be spacelike in the immediate vicinity of the horizon.
However, if the information is delocalized, and/or is not something that these observers can control and use for signaling, there is no obvious way to produce a paradox.
Of course, a very important question is whether a theory can be constructed, 12 which lacks the requisite locality, but does not produce other nonlocality that leads to inconsistency, for example by permitting spacelike signaling in a Minkoswki background. It may be that our semiclassical mental picture of a black hole is, as with the classical mechanics of the hydrogen atom, not accurate for detailed questions about the "location" of all information, but that the needed modifications do not produce any such inconsistencies.
However, this is clearly a critical tension. If, for reasons that should be apparent, we refer to the underlying theory as "non-local mechanics," an essential question is how such a mechanics and accompanying mathematical description can reduce to local quantum field theory in known low energy circumstances, if it does not have the same intrinsic notion of locality. This quite plausibly results from what is presently an incorrect picture of spacetime. Such a theory -which might be regarded as a relatively conservative answer to the information question -must be "nearly local," in appropriate circumstances, and certainly must be consistent. These critical questions of how to obtain "locality without locality," and consistency, may serve as such strong constraints that they furnish a useful guide toward formulating the theory.
11 In a related development, it has been argued [15] that assuming gravity has an S-matrix, it should correspondingly lack unphysical acausal behavior. 12 While it may be that string theory ultimately has such features, perturbative string theory appears to fail in the regime of question. It is moreover an outstanding question whether nonperturbative formulations of string theory via dualities such as AdS/CFT give a complete answer to the question of gravitational scattering [36] [37] [38] , and if they do, it is important to understand the nonlocal mechanisms by which they would address the information problem.
